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Abstract

Motivated by growing demands for aircraft

noise reduction and for revolutionary new
aerovehicle concepts, the late twentieth century

witnessed the beginning of a shift from single-
discipline research, toward an increased
emphasis on harnessing the potential of flow

and noise control as implemented in a more
fully integrated, multidisciplinary framework.

At the same time, technologies for developing
radically new aerovehicles, which promise

quantum leap benefits in cost, safety and
performance benefits with environmental
friendliness, have appeared on the horizon.

Transitioning new technologies to commercial
applications will also require coupling further
advances in traditional areas of aeronautics with

intelligent exploitation of nontraditional and

interdisciplinary technologies. Physics-based
modeling and simulation are crucial enabling

capabilities for synergistic linkage of flow and
noise control. In these very fundamental ways,

flow and noise control are being driven to be
more closely linked during the early design

phases of a vehicle concept for optimal and
mutual noise and performance benefits.

1 Introduction -Demands Driving Linkage

Because of continuing demand for low-noise
aircraft, advanced technologies are required to

meet certification and airport community
requirements for future aircraft. In addition, the

current hub system for airports has led to a

range of additional opportunities for advanced
technologies as will be highlighted below.

Adverse consequences of air travel are all too
familiar to the traveler and airport communities

in the form of noise pollution, congestion (lost
time), environmental concerns (e.g., air
pollution), safety, etc. These demands are

exacerbated by the persistent growth in the air
transport system, the fundamental hub-system

operations philosophy, and are compounded by
security concerns after the terrorist events of 11

September 2001.
Prior to 11 September 2001, the Federal

Aviation Administration estimated that air

traffic would increase 43 percent by 2011 for

domestic large air carrier enplanements [1].

Major aircraft manufacturers also forecasted
strong growth in traffic over the next 20 years,

at about a 5-percent per annum increase. The
result will be that the world's airports will have

to accommodate a more than doubling of

throughput. Boeing [2] projected a more than
doubling of the world's commercial aircraft

fleet to 32,955 by 2020. Although the terrorist
events have altered this projection, the world

population continues to increase and, with
assured security for airports in the future, the
volume of air travel will continue to grow and
further increase the demands on the current air

travel model.

Inadequacies of the large hub system
have resulted in an increasing demand for more

point-to-point travel. The demand for secure
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and reliable servicewill only increaseas
congestionthreatensto impact safety and
timeliness.Of course,demandfor low fares
will continue.At somepointfuel priceswill
becomea sufficientlyhighportionof thetotal
operatingcost of an airline that demandfor
increasedaircraftperformancewill becomean
importantgoal for the acceptanceof new
aircraftconcepts.

Capacity,safety,andeconomyrepresent
areaswhere the applicationsof innovative
aerodynamicflow andnoisecontroltechnology
arecriticalto providingsolutionsfor theneeds
ofthefutureair transportsystem.Theaerospace
vehiclesandtransportsystemthat onemight
envisionfor the 2020 timeframewill have
stringent economicand public acceptance
requirementsplacedon them. In someways
thereareevenmoreaggressivegoalsthatmight
alsobeplacedontheaerospaceindustrysuchas
an emission-lessvehicle (no air or noise
pollution). Without new solutions from
technology,the new transport system or
aggressivegoalsfor airvehiclesthatcanbenefit
thepublicin suchsignificantwayssimplywill
notberealized.

Thispaperwill highlightflowandnoise
controltechnologiesthatcontributedirectlyand
indirectlyto reducenoiseand emissions,to
improve performance,safety, and airport
operations.A morethoroughdiscussionof these
technologiesisprovidedin areviewbyThomas,
Choudhari,andJoslin[3].

2 Application Linkage: Flow and Noise
Control

2.1 Noise Control Revolution Required

Reducing noise emission has been an
increasingly important aspect of aircraft design

during the past few decades and will continue to
remain so because of new certification

requirements. Following the mandated phaseout
of Stage II airplanes in 2000, only Stage III

compliant fleets remain operational in the civil
aviation fleet. The Stage III fleets are

approximately 20 dB quieter than the first
turbojet powered airliners. Much of this

reduction was obtained in the earlier years as
engines moved from turbojet to turbofan cycles.
The subsequent pace of noise reduction has

been noticeably slower in comparison. Yet, the
negative impact of noise on airport communities

continues to drive public demand for an even
quieter air transportation system.

Accordingly, new Stage IV standards have
already been passed by the International Civil

Aviation Organization (ICAO). The additional
noise reduction to be mandated under Stage IV

is 10 dB on a cumulative basis (including all

three certification points) [4]. These standards
would apply to new aircraft after January 2006.
In addition to the ICAO standards are additional

noise restrictions imposed by individual

airports.
Anticipating this trend to continue well into

the twenty-first century, NASA has set an

aggressive goal of performing research and
demonstrating technologies for reducing aircraft
noise levels an additional 20 dB over the next

25 years. Such dramatic reductions are

necessary to meet the anticipated demand by the
traveling public and communities surrounding

airports for noise reduction.
Prior experience has shown that for any

newly identified noise source it is relatively

easy to achieve the first few decibels of
reduction in acoustic intensity by conventional

design alternatives. To achieve subsequent
reductions in noise levels, however, innovation

is required and therefore a significantly larger
effort in terms of both research and cost of

implementation and an increasingly
interdisciplinary effort become necessary. This

is made clear, for example, with the success of a
prior noise-reduction program (the noise
reduction element of the NASA Advanced

Subsonic Transport program) which achieved its
minimum success goal of 8 dB noise reduction

over 1992 technology, bringing us to this regime
of increasing degree of difficulty.

For potential revolutionary reductions in
noise, one must resort to unconventional design
considerations such as active flow control. Flow

control technology will have to be increasingly

applied to noise control in order to make further
noise reduction possible. A promising concept
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for directly altering the mean fan wake
characteristicsuses trailing edge blowing,
representingoneexampleof adirectconnection
betweenflow controlandnoisecontrol. This
approachhasbeenshownto reducethe tonal
noiseviarotor-wakestatorinteractionbyupto4
dB [5]. A smallamountof air is channeledto
thetrailingedgethroughnarrowpassagesin the
fanblade.Thepassagesin thehollowfanblade
distributeair overthelengthof thetrailingedge
for injection.Injectedairreducesthestrengthof
the rotor wakeby filling in the wake,thus
greatlyreducingunsteadypressurefluctuations
on the stator downstream. Even with
presumablylittle performancepenalty,trailing
edgeblowingmuststill be developedfurther
andcontendwithsimilarissuesaslaminarflow
control(i.e., needfor plumbing,maintenance
issues,etc.)beforeit canbeappliedonactual
turbofans.

Also beinginvestigatedare numerous
otherexamplesof noisecontrolstrategiesthat
aredirectlyrelatedto flowcontroltechnologies
suchasjet noisereductionby nozzletrailing
edgemodifications.

2.2FlowControl'sEnabling Technologies

A number of flow control technologies have the
potential to enable radically different new

aircraft configurations. These technologies, if
fully developed and implemented from initial

design would change the paradigm for noise
signature of aircraft in addition to the

performance and economics of air transport
systems. To illustrate the coupling benefits of
noise and flow control, laminar flow control and

separation control will be discussed in light of

the total impact of the technology including the
complete noise impact. Additional technologies
are discussed in Thomas, Choudhari, and Joslin

[31.

2.2.1 Laminar Flow Control

Laminar flow control techniques have been
under development and testing since the late

1930's [6]. The utility of this technology is for

cruise flight only, covering 80 percent or more
of an aircraft's operation envelop. This benefit
is achieved via small levels of suction through a

porous wing/nacelle skin. This technology is
included here because it is one of the few

technologies that have matured via technology
readiness level (TRL) improvements through

flight demonstrations on transport size aircraft.
Natural laminar flow (NLF) employs a

favorable pressure gradient to delay the
transition process. This delay in transition yields

either faster aircraft speeds or reduced fuel
consumption and emissions. Such a technology
is desirable because no additional hardware is

required to achieve the benefits of NLF.
Although many difficulties with proposed NLF

concepts have been overcome, insect and debris
contamination on a surface (usually near the

leading edge of the article) can cause portions of
the NLF article to become turbulent and

therefore degrade the system benefits.

Numerous successful flight experiments [6]
have used paper covers, scrapers, deflectors,

fluidic covers, thermal covers, liquid discharge,
and flexible covers to prevent and/or overcome

issues relating to insect/debris-induced
roughness. For some obvious reasons, these
techniques, although successful for flight test

vehicles, become impractical for production
vehicles. Hence the operational environments

could make this concept impractical; however,
small aircraft could employ the NLF concept

simply by cleaning the wing leading-edge
regions prior to each flight. During the flight

some small loss of performance can result due
to insect encounters, but this is only a regional

and seasonal impact on performance for some
aircraft.

Laminar flow control (LFC) is an active
boundary layer flow control technique
employed to maintain the laminar flow at chord

Reynolds numbers beyond that which is
normally characterized as transitional or

turbulent in the absence of control. Hybrid
laminar flow control (HLFC) integrates the

concepts of NLF with LFC to reduce active
system requirements and reduce system

complexity. These concepts, when integrated
with the Krueger flap (for high-lift and ice and
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insect-contaminationprevention),showedone
potentialpracticalapplicationof HLFCon a
wing[7].

Benefitsof the variationsof LFC are
configurationdependent,changewith timedue
to changesin fuel cost, systemcost, and
manufacturing technology efficiency
improvements,and are closelylinked to the
amountof laminarflow anda host of other
variables.Probablythesinglelargestdriveris
thecostof fuel;however,LFCcanalsobeused
to introducea newvariablein thedesigntrade
offsthataffectsweight,noise,range,andother
parameters[8]. Duetouncertaintyin theextent
of laminarflow achievableandpenaltiesof the
technology,benefitscanrangefromreductions
of 6 to 13percentin totalvehicleweight,15to
20percentin blockfuel,or a 15-to 25-percent
increasein cruise distance. Quantitative
estimates of noise reduction or
emission/pollutionreductionshave not been
publishedto ourknowledgeandclearlydepend
on the trade-offanalysisin the LFC aircraft
design. For example,retainingthe same
specificationsof a turbulentdesignedaircraft
wouldyieldmorerangeandnonoisereduction
exceptinpossiblecabinnoisereductionsdueto
a laminarboundarylayer.However,a constant
rangescenariowouldhaveasmalleraircraftdue
to lowerfuelrequirementsandthereforesmaller
engineswouldberequired;hence,airframeand
enginenoiselevelsdecreaseforaLFCaircraft.

Obstaclesfor LFC includelossesof
laminar flow regionsdue to contamination
(insect),theuncertaintyin thedesigntools,and
manufacturingcostsof a LFCwing/nacelle.In
spite of theseobstacles,the overwhelming
successof themultiyearoperationof theJetstar
flight experiment[9] demonstratedoperational
testingof LFC in an operationalair service
environment.

Over many years of research,this
exampletechnologywas demonstratedvia
numerouswindtunnelandflighttestssolelyfor
benefitsto aircraftperformance.Clearly,these
performancebenefitsindirectlycontributeto
potentialnoiseandfuelemissionreductionsand
lower takeoff/landingnoise pollution via

smalleraircraft. So this technologymay be
beneficialto futureaircraftbothto reducefuel
costsandtomeetnoisecertificationgoals.

2.2.2SeparationControl

Variouspassiveandactiveflowcontrolsystems
have been proposed and selectively
demonstratedto replaceconventionalhigh-lift
systems.

Lin [10]hasshownthatusingmicro-vortex
generators(VGs)on the flap of a high lift
systemcanmitigateflow separation,leadingto
a 10-percentincreasein lift anda 50-percent
reductionin drag.Togetherthisleadsto overa
100-percentincrease in L/D. For the
conventionalhigh-lift system,the micro-VGs
areusedto correctinefficientlyor inadequately
performingsystems.

Circulationcontrolona winghasalsobeen
investigated to generate increased lift
coefficientsincludingonfull-scaleaircraft[11].
Enginebleedair is blownthroughaslotonthe
upperwingsurfacejustupstreamoftherounded
trailingedge. Thisblowingincreasedlift by
severaltimes comparedto a conventional
passiveflap system. The applicationof
circulationcontroltechnologytobothlifting and
controlsurfaceshasthe potentialto provide
improvementsin performanceandoperational
capabilitiesof both commercialand military
aircraft.Thereisnocompleteassessmentofthe
impactonnoiseemissionsormanufacturingand
operationalcosts.

Analternateto steadyblowingfor circulation
controlis the useof unsteadyblowingin an
attempt to reducethe amount of energy
requirementsto the controlsystem.As such,
separationcontrol by unsteadytangential
blowingovertheflapof awing/flapmodelwas
comparedwithsteadyblowingcontrolby Oyler
andPalmer[12]. Theexperimentssuggested
that a significantreductionin the amountof
massflow couldbe realizedthroughunsteady
blowing.Asthepulsedfrequencyincreasedup
to 60 Hz, lift alsoincreased.Beyond60Hz,
littleornogaininperformancewasmeasured.
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MagillandMcManus[13]experimentedona
varietyof configurationsdemonstratedthatthe
use of pulsedvortex generatorjet (PVGJ)
effectorsnearthe leadingedgeof wingscan
mitigatethe otherwiseseparatedflow at high
angle of attack. The approachhas been
demonstratedwith frequenciesrangingfrom
approximately10 to 250 Hz and is also a
function of the directivity of the jets and
jet/free-streamvelocityratio. Openloopresults
havebeenusedto developcontrollaws[13]for
PVGJs, and closed loop control was
demonstratedin the experiments.This
technologyis importantforhigh-angleof attack
situationsnearwingstall.Clearly,therangeof
frequenciesfor thiscontroltechnologymustbe
consideredto avoid excitation of noise
generationmechanisms.

Separationcontrol on a two-dimensional
airfoil atangleof attackhasbeendemonstrated
in low andhighReynoldsnumberwindtunnel
experimentsby the introductionof periodic
momentummassflux througha slotopeningin
the model [14]. Although an oscillatory
blowingvalvewasusedto generatetheperiodic
disturbance,anytypeof actuatorhavingsimilar
performancecharacteristicscould have been
used.

An oscillatoryblowingvalve waschosen
becauseof the easewith which a steady
disturbance, oscillatory disturbance, or
superpositionof steady and oscillatory
disturbancecouldbegenerated.Thistechnique
was effective becauseit promotedmixing
betweenthehighermomentumfluid abovethe
otherwiseseparatedregion and the lower
momentumfluid atthesurface.Theenhanced
mixingbringsthehighermomentumfluid close
to thesurface,makingtheboundarylayermore
resistantto separation.Thisactivemeansof
control has the advantageof eliminatingor
reducingseparationwithoutthe performance
degradationat off-designconditionsassociated
withpassivecontrol.Also,theperiodiccontrol
is two ordersof magnitudemoreefficientthan
steadysuctionorblowingtraditionallyusedfor
separationcontrol [14]. As with the PVGJ
technology,the rangeof frequenciesfor this

controltechnologymustbeconsideredto avoid
excitationofnoisegenerationmechanisms.

Whereastheconventionalhigh-liftsystemis
amulti-elementairfoil fortransportaircraft,the
zero-net-massoscillatory excitation high
Reynoldsnumberexperimentalresultssuggest
that an alternatesimpleflap/slatwith flow
controlcouldreplacethemulti-elementsystem.
As such, the first systemsanalysiswas
undertakento estimatethebenefitsof replacing
the conventionalhigh-lift systemwith a flow
controlhigh-lift system[15]. Assumingno
performancegainwith a flow controlsystem,
andby extrapolatingthetwo-dimensionalwind
tunnelexperimentalresultsto scale,the study
suggestedthat benefitssuchas part count
reductionsandweightreductionwerepossible
withtheflowcontrolhigh-liftsystem.

Hence,similarto the LFC technology,the
total aircraftweight reductioncanultimately
reducethe airframe and enginenoise and
possiblyair transportcapacityissues.Unlike
LFC,theoscillatorycontroltechnologyis in an
embryonic stage and will ultimately require
many more years of wind tunnel testing,

prototype flight testing, and a full scale
demonstration to raise the TRL and to quantify
the full performance and noise benefits of this

technology.

3 Physical Linkages: Flow and Noise Control

3.1 Broadband Control

Given the need for continued noise reduction

extremely innovative approaches will be

required to achieve projected targets during the
next two decades. As the dominant tones are

successfully reduced using technologies
developed during the Advanced Subsonic
Transport program, further reductions in the

overall noise spectra will be controlled by the
various sources of broadband noise. A complete

elimination of fan tones, for example, will yield
an overall EPNdB (effective perceived noise)

reduction of only 2 dB, whereas additional
reduction will have to be obtained via

broadband noise control [16].
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Becauseoftheoriginof broadbandnoise
in flow turbulence,advancesin flow andnoise
controltechnologieswill havetobeincreasingly
synergistic. The objectiveis to exploit the
inherentsynergiesbetweenthe two so as to
enablethe developmentof radically new
technology.Suchsynergiescouldexisteitherat
the modelinglevel (i.e., physicalsimilarities
betweensyntheticjet actuatorsandductacoustic
linerswouldpermitparallelmodelformulations
andoverlappingdesigntools)or extendto the
implementationlevel (i.e., microblowingcan
servethedualpurposeof reducednacelledrag
andacousticimpedancecontrol).

Fan broadbandnoise sources, for
example,includefan self-noiseas well as
interactionof bladesand vaneswith inflow
turbulence,vortex ingestion,inlet boundary
layer,andwaketurbulence[17].As a resultof
theprogressmadein predictingandcontrolling
tonal content of turbomachinerynoise,
broadbandnoise has becomean additional
currentfocus of researchandrepresentsthe
primary barrier to understandingthe main
physicsof turbomachinerynoisegeneration.
Alsocontributingto the increasedsignificance
of broadbandnoisearethe downwardshift in
tonalfrequencies(i.e.,awayfromtherangeof
peakauditorysensitivity)anda shift higherin
the broadbandspectrum,resultingfrom the
trendtowardlargerdiameterengines,smaller
numberof bladeswithwiderchord,andlower
tip speeds[17].

Recent work at Boeing [17] and
elsewhere(e.g.,GleggandDevenport[18])has
just begunproducingthe kind of insights
necessary to develop a satisfactory
understandingof the broadband noise
phenomena.Thereis astrongneedto continue
detailedmeasurementsof the turbomachinery
flow field and alsoto initiateaccompanying
numericalsimulations. Thesestepswill be
necessaryin orderto pin downthe precise
natureand hierarchyof the varioussources
involvedsothatmoreeffectivenoisereduction
measurescanbefirst identifiedandtested,then
eventuallyoptimized.Thereisalsoasignificant
opportunityto exploitthephysicalsimilarities

betweenbroadbandfannoiseandairframenoise
in this respect. An exampleis the recent
innovativeapplicationof theBrookset al. [19]
data (which was originallyobtainedin the
contextof rotor/airframenoise) towardthe
predictionof broadbandfan noise[20]. The
sameexamplealsounderscorestheimportance
of conductingdetailedexperimentsonbuilding
blockconfigurations.

3.2Modelingand CFD

CFD will play an increasingly valuable role in

the development of both passive and active flow
and noise control systems by generating the

necessary insights to optimize costly
experimental testing. For active systems in

particular, computational methods will help
establish required specifications (in terms of

frequency response and amplitude range) for
actuators and sensors, design effective actuation

concepts that require minimum energy
expenditure to achieve a desired control action,
and choose the best locations for these.
Numerical simulations would also serve as a

useful test bed toward off-line assessment of the

various control algorithms.
The investigation and development of

new methods for flow control will require a
thorough understanding of the physics inherent

in various flow control devices or concepts such
as porosity, micro vortex generators, synthetic

jets, and even flapping flight. Most of these
concepts involve unsteady flow, and many

further require a control system to achieve
useful benefits in a practical application. Thus,

basic behavior of a synthetic jet, for example,
can be investigated with a time-accurate CFD
code, but computational demonstration of active

flow control will require the CFD to be coupled
with numerical sensors and a control system

with feedback. This has been done for simple

problems [21] but is not yet usable for realistic
flow control investigations. The design of

certain types of devices such as those using
flexible membranes--flapping flight with

flexible wings, for example--will further
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requirecouplingwith structuralanalysisof
appropriatematerials.

Anotherfutureapplicationof concurrent
experimental/computationalresearchmethodsto
problems in flow control would involve
simultaneoustesting of candidatecontrol
algorithmsfor activeflow controldeviceson
computationaland wind tunnelmodels.The
physical understandinggained from the
combinedtestcouldthenbeextrapolatedto full
scaleor otherconfigurationswith muchmore
confidence.

In noise control, high-orderaccurate
Navier-StokesCFDcodesmustbecoupledwith
acousticradiationcodesin orderto providean
analysiscapabilityfor theinvestigationof basic
noisegenerationmechanismson vehiclesof
interest. This capabilityis currentlyunder
development,andwill allowvariouscandidate
approachesfornoisereductionto bemorefully
evaluatedbeforebeingincorporatedinto full-
scale vehicles.With further refinementto
include unsteady surface motion in the
calculations,it would becomepossibleto
predictnoisefromrotatingmachineryproblems
suchas ductedfansandadvancedpropellers
(Farassat,privatecommunication,2000),aswell
asairframenoisesourcessuchasflapsideedges
andlandinggear.

Airframenoisework from the 1970s,
especiallyresultsfrom flight testsof a large
numberof flyovers,generateda largenoise
databankthat was used to provide an
empiricallybasedairframenoise prediction
method.However,morerecenttheoreticaland
experimentalworkhasestablishedthebasisto
replacethe existingpredictionmethodwith a
more accurate,physicsbasedpredictionfor
airframenoise. Whilethisgoalappearsto be
significantlyfuturistic,recentworkhasfocused
on developingthe physical understanding
necessaryto formulate better engineering
models. In particular,workduringthe 1990s
led to significantphysicalinsightsinto the
detailedfluid dynamicsof relevantunsteady
flow structuresand how they producenoise
[22]. This progresscame about from a
combination of new experimental and
computationaltechniquesusedinparallel.Such

enhancedunderstandinghas also led to
successfulcontrolconceptsfor airframenoise
reductiononthelaboratoryscale.

A major focus of recentwork on
airframenoisehasbeenonnoiseassociatedwith
the high-lift system,particularlyon noise
generationneara flapsideedge.A combined
NASA/industryteamimplementedanapproach
usinga combinationof detailedmeasurements
andcomputationsofthelocalflow fieldandthe
far-fieldacoustics.Detailedcomputationsof
thelocalflow includeRANScomputationsthat
resolvetherelevantmeanflow featurestogether
with appropriatelysimplified simulationsof
large-scalefluctuationsconvectedwith mean
flow features. The far-field acousticsare
predictedeither througha Lighthill acoustic
analogyapproachor by using the Ffowcs
Williams-Hawkingsequation.Usingthis type
of approach,theNASA/industryteamwasable
to correlatedifferentparts of the far-field
spectrato specificflow field featuressuchas
instabilitymodesof theshearlayer(s)associated
with flow separationnearthe sideedge,and
edgevorticescreatedbytheroll-upoftheshear
layer[22].

Armedwithaphysicalunderstandingof
thenoisesourcesinvolved,severalpassiveedge
treatments(suchas a porousflap tip) were
developedandtested. Theresultof the edge
treatmentswasa reductionof 4 dBin alimited
bandof frequenciesof noiseresultingfromthe
presenceof vorticescloseto thesideedge.The
totalreductionon theflapsideedgewouldbe
lessthanthisamount.A similareffortfor slat
noiseledtothediscoverythataprominenthigh-
frequencyhumpin the slatnoisespectrumis
causedby vortexsheddingfrom a seemingly
sharpslat trailing edge[23]. Theotherwise
broadbandnoisewasshownto be associated
with unsteadinessof separatedflow on the
lowerslatsurface--afindingthatagainhelped
with cuttingnoiselevelsby over5 dB in the
limited frequencybandsassociatedwith the
particularslatflow.

3.3ImplementationLevel - Active Control

841.7



R.Thomas,M. Choudhari,andR.Joslin

Historically,passivecontrol techniqueshave
dominatedbothflow andnoisecontrolworlds,
with the controlmeasurebeing implemented
typicallyat a componentleveland,moreoften
thannot, on an a posteriori basis. This was

required because typically expected
performance did not materialize or because

requirements or regulations changed at a later
time. More recently there has been an increased

emphasis on harnessing the hidden potential of
active flow and noise control as implemented in

a fully integrated, multidisciplinary framework.
Active techniques can be implemented

in both open loop and closed loop fashion, but
closed loop devices (i.e., with feedback) offer
the maximum potential in terms of optimal

overall performance. Control algorithms for
linear, time invariant, fully deterministic

systems are well established. However, high
Reynolds number flow systems are inherently
stochastic in nature, tend to involve a

prohibitively large dimension (i.e., number of

degrees of freedom), and more often than not,
require a significant nonlinear coupling between
the various states. Successful application of

modern control concepts is, therefore, far from
proven and will require significantly higher

physical insights into the various flow systems
that are encountered in aeronautical

applications.
Efficient design of massively actuated

systems, characterized by a large number of

discrete or distributed actuators, will require
tools to optimize the number and spatial
locations of both sensors and actuators. There

has been considerable research in a variety of

disciplines on actuator and sensor placement,
either to optimize the controllability and

observability of the system or to maximize some
objective function of control system

performance. In addition, for adaptive control,
the sensor and actuator locations must also be

optimized for the accuracy of system
identification.

Active control of jet noise, via unsteady
actuators mounted near the nozzle exit, is an

attractive option from the standpoint of

maintaining an optimal aerodynamic
performance under a wide range of operating

conditions. Despite its demonstrated ability to
increase jet mixing, active jet flow control has
generally proven unsuccessful at reducing noise

and has actually increased far-field noise in

some cases [24]. Active control of jet noise is
clearly in its infancy and would require

significant advances in actuation systems,
control algorithms, and measurement techniques

in order to realize its powerful potential. Glow
discharge devices, Helmholtz resonators,

MEMS, and fluidic injection are all actuation
systems that indicate promise in controlling jet

flow. In addition to addressing technical issues
relevant to these forms of control, there is a

general need to examine the robustness of such
devices in the harsh environment of high-

temperature jet exhaust. Due to limited access
for sensors, closed loop jet noise control poses
significant challenges. Because ongoing work

on optical sensors may, however, remedy the
need for remote flow diagnostics, there is a need

to assess the relative noise reduction potential of
closed loop control (in comparison to open loop

techniques) in laboratory experiments.

3.3.1 Surface Porosity

Passive porosity is one example of a technology
that has been used in both flow and noise

control separately but that has potential to be

implemented in ways that may accomplish
simultaneous objectives. Passive porosity is

designed to modify the surface pressure
distribution. In its simplest form it consists of a

porous skin over a cavity that has a solid back
wall. The cavity allows pressure communication

among regions of pressure differences over the
area covered by the porous surface. Typically

the porous surface is a skin perforated with
circular holes, although many variations of
porous surfaces are possible.

Passive porous technology has been
studied extensively both experimentally and

computationally for many flow control
applications. One representative application has

been alleviation of shock/boundary layer
interaction. The loading asymmetry typically

found on slender axisymmetric forebodies was
successfully eliminated with passive porosity
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[25]. This demonstratedthe extensionof
porositytothree-dimensionalflowfields.

Usingsimilar technology,porosityhas
beenappliedto flight vehicles.A porouspatch
wasaddedtothewingof theF/A-18Eto solvea
problemof uncontrolledroll discoveredduring
initial flight tests [26]. Currentresearchis
investigatingthe developmentof designtools
for completeaircraftconfigurations.Thegoalis
to study the potential of replacementof
conventionalaerodynamiccontroleffectorswith
passiveporosityeffectorsin the designof a
generictaillessfighteraircraft [27]. Passive
porosityeffectorconfigurationswerefoundto
be competitivewith conventionalcontrol
approaches.

Passiveporositytechnologyisadvancing
to developadaptivecontroltechniquesbasedon
variation of porosity parameters via
microelectromechanicalsystems (MEMS),
smartmemoryalloys, or other smart skin.
Alternatively,performanceofthecontrolsystem
can alsobe affectedby varyingthe plenum
propertiesviasimilarmeans.

Simplifiedmodelsfor the effectsof
porosityhave been developedand used in
productionCFD codes[28]. However,the
development of comprehensivemodels
describing more detailed parametersis
necessaryto fully exploitporosityin designof
applications.Otherapplicationsthathavebeen
studiedinclude separationcontrol in cavity
flows [29] and drag reductionfor ground
vehicles,watervehicles,andgroundstructures.

While passiveporosity as described
abovehasbeendevelopedfor aerodynamicflow
controlfor years,poroussheetsarealsoabasic
componentof acousticliners.Theunderstanding
of the interactionof soundandporoussheets
and the ability to model and predicttheir
behaviorhave beensubjectsof researchin
acousticliners for decades. Lee [30] and
Brooks[31]bothproposedtheuseof porosity
devicesin the developmentof noisereduction
methodsforrotorbladevortexinteractionnoise.
As discussedearlier,porosityis alsoa method
that hasbeeninvestigatedin addressingflap
side edgenoise. Porosity representsone

exampleof technologythat crossesover
betweenflowandnoisecontrolareasand,in the
future, combining knowledge from the
respectiveareascouldprobablyproducegreater
advancesin toolswithwhichto applyporosity.
It couldalsoresultin greatersynergyin the
applicationof porosityfor bothnoiseandflow
controlreasonssimultaneously.

4Summary

Technologiesfor developingradically
new aerovehicles,which would combine
quantumleapsin cost,safety,andperformance
benefitswith environmentalfriendliness,have
appearedonthehorizon.Bringingtheirpromise
to reality will require an increasingly
interdisciplinaryapproachbetweenflow and
noise control communities,couplingfurther
advancesin traditionalareasofaeronauticswith
intelligent exploitation of nontraditional,
interdisciplinarytechnologiessuchas smart,
distributedcontrols,novel actuators,MEMS,
andmanyothers.

In both application and in very
fundamentalways, flow and noise control
technologiesarebeingdriventobemoreclosely
linked. Exploitingthe synergiesbetweenthe
two areas will be related to physical
understandingand modelingof critical flow
features,developmentof controlstrategiesfor
broadbandnoiseandturbulence,integrationof
passiveand activecontrol devices,efficient
designof controlsystems,andthedeployment
of CFDtechniquesin theaboveareas.

As outlinedbriefly in thispaper,future
requirementswill bedemandingandarelikely
to mandatea rethinkingof the bestaircraft
platformtobestenabletheoverallsuccessofthe
commercialtransportsystemin meetingfuture
demands. This representsanother future
directionwithgreatpotentialfor impactingnot
onlythewayaircraftlook20yearsfrom now,
but also their capabilitiestoward aggressive
goals.Thisfuturedirectioninvolvesthesystem
level designof aircraftand specificallythe
integrationof propulsionand airframefor
configurationsthat areunconstrainedby the
current,prevalentconfigurationto best take
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advantage of revolutionary flow and noise

control technologies.
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